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An active photonic crystal ~PC! based on the modulation of a one-dimensional cavity resonator by
electrically-generated surface acoustic waves is described. The high nonthermal population of
surface modes combined with the enhanced Brillouin scattering in the cavity increases the intensity
of the scattered light to values comparable to the excitation intensity. This process is employed to
switch and modulate light beams in PCs. © 2003 American Institute of Physics.
@DOI: 10.1063/1.1617368#Great attention has been directed towards active photo-
nic crystal ~PC! structures, which are able to dynamically
control the light wavelength, polarization, or propagation di-
rection using an external stimulus. These structures are tech-
nologically important for the realization of tunable optical
filters, modulators, and switches. Recently, some degree of
tunability has been achieved by infiltrating a photonic crystal
containing air holes with a liquid crystal and exploring the
strong dependence of the dielectric properties of the liquid
crystal on temperature and electric field.1–4
In this letter, we propose and demonstrate a concept for
active one-dimensional PCs based on the acoustic modula-
tion of a photonic resonator, which consists of a l/2 optical
cavity (C) surrounded by Bragg mirrors (BM1 and BM2)
illustrated in Fig. 1.5 The resonance condition is achieved
when the vertical component of the light wave vector kz is
equal to kc54pnc /dc , where dc and nc denote the thickness
and the refractive index of the cavity layer, respectively. For
normal incidence, the resonance wavelength becomes lc
52p/kc . The modulation by lattice vibration has been pre-
viously proposed as a way to achieve active wavelength tun-
ability as well as the control of light propagation direction in
PCs.6,7 In the present approach, however, the electromag-
netic fields become strongly concentrated in the cavity re-
gion at the resonance frequency, which significantly in-
creases the scattering of light by lattice vibrations. In fact, a
gigantic enhancement of the cross section for Raman and
Brillouin scattering in planar cavities have been reported.8,9
Here, we demonstrate the dynamic control of light propaga-
tion by Rayleigh surface acoustic waves ~SAWs! generated
by interdigital transducers ~IDTs! deposited on top of the
layer stack ~cf. Fig. 1!. The strong acoustic and optical fields
in the cavity region enhances the intensity of the Brillouin
scattered light to values comparable to the one of the excit-
ing beam. Finally, we show that the SAW-driven resonator
acts as a compact Bragg cell with a thickness of less than 5
mm, which can be configured to operate as a switch, a fre-
quency shifter, or a modulator.
The optical modulation by the SAW is mediated by three
mechanisms. The first comprises the conventional elasto- and
electro-optical modifications of the refractive index by the
SAW strain and piezoelectric fields, respectively. For wave-
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case discussed here, the elasto-optic contribution Dneo nor-
mally dominates over the electro-optic one. The second
mechanism results from the modulation of the cavity thick-
ness dc by the vertical strain component uzz5]uz /]z of the
SAW displacement field u ~cf. Fig. 1!. The third is associated
with the modulation of the interface profiles by the SAW
displacement field, thus creating a structural grating for the
incident light.
The optical resonators were designed to operate at optic
and acoustic wavelengths of 900,lc,1000 nm and lSAW
55.6 mm, respectively. In the design, one has to take into
account the depth dependence of the SAW strain field. Nu-
merical calculations of this field in GaAs/AlAs BMs and of
the resulting elasto-optic contribution Dneo for light polar-
ized along y yield a maximum modulation amplitude of
Dnc /(ncAPl)53.931025AW21 m for lc51000 nm and
depths between 0.25lSAW and 0.45lSAW . In this expression,
Pl denotes the acoustic power flux per unit length along the
SAW beam cross section. An important feature of the acous-
tic modulation resides in the fact that the modulation of the
thicknesses and of the interface profiles can be substantially
larger than the elasto-optic one. Indeed, approximately two-
thirds of the maximum Dnc /nc is accounted for by the strain
contribution uzz , thus demonstrating its dominating role. The
resonators were grown on a GaAs ~001! substrate using
molecular-beam epitaxy. The cavity depth was selected so as
FIG. 1. Optical resonator driven by SAWs, consisting of an optical cavity
(C) placed between Bragg mirrors (BM1 and BM2). The SAWs are gener-
ated by an IDT. The optical experiments are performed by measuring the
reflectivity R . u and f denote the polar and the azimuthal angles of inci-
dence, respectively.7 © 2003 American Institute of Physics
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posed of 15 periods, each containing a l/4 AlAs and a l/4
GaAs layer. The first five periods of the upper mirror BM2
are identical to those in BM1 , in the remaining five periods,
which are located adjacent to the cavity, the thickness of the
GaAs layers was increased to 3l/4. While the larger GaAs
thickness does not affect the optical properties, it reduces the
effective acoustic velocity near the surface and helps to con-
centrate the SAW fields in this region.
SAWs propagating along the @1¯10# surface direction
were generated by aluminum split-finger IDTs deposited on
top of the layer stack. The IDTs were excited by continuous
rf power levels of up to 25 dB provided by a rf generator.
The fraction of the applied electrical power converted into a
SAW mode by the IDT, however, is only 32% as determined
using a network analyzer. The incident light was polarized
perpendicularly to the SAW propagation direction and, un-
less otherwise specified, focused onto a spot with diameter
fd540 mm on the sample surface using an objective with
small numerical aperture ( f /0.055), in order to ensure a nar-
row distribution of the angles of incidence. The absolute re-
flectivity of the Bragg mirrors was found to be comparable
~within 62%) to that of a silver mirror with nominal reflec-
tivity of 98%. We assume, therefore, the reflectivity of the
resonator to be unity away from the resonance wavelength.
The reflectivity R0 of the resonator under normal inci-
dence is displayed by the solid line in Fig. 2~a!. The calcu-
lated reflectivity ~dotted line! reproduces well the measured
quality factor Q of approximately 800 ~the calculated wave-
lengths were slightly scaled to match the measured lc). The
change in the normal reflectivity DR0 induced by a SAW
with Pl5300 W/m is shown in Fig. 2~b!. Both R0 and DR0
were measured on the same spot using a modulation tech-
nique in order to correct for variations in sample temperature
due to the rf excitation, which may cause shifts in the reso-
nance frequency. DR0 is nonzero only within the small range
of wavelengths around the cavity resonance. Its spectral
shape can be qualitatively understood by taking into account
that the SAW modulation shifts the resonance wavelength
sinusoidally with an amplitude Dlc around the center value
FIG. 2. ~a! Reflectivity R0 and ~b! reflectivity change DR0 induced by a
SAW with Pl5300 W/m, recorded in the resonator in the geometry indi-
cated in the inset. L and D denote the light source and detector, respectively,
and Rm (m50,61, . . . ) the m th diffraction order.Downloaded 08 Oct 2003 to 62.141.165.110. Redistribution subject lc . As a result, the time-averaged probability p(l) of hav-
ing the resonance at a particular wavelength l becomes
p(l)51/@pA12x2# , where uxu5u(l2lc)/(Dlc)u,1. In
this approximation, the reflectivity change becomes
DR0(l)5@p(l) % R0(l)2R0(l)# , where % denotes the
convolution operator. The largest reflectivity reduction is
thus expected close to the wavelengths l6 f5lc6Dlc at the
flanks of the resonance curve. In contrast, the reflectivity at
the resonance wavelength lc increases, since the modulation
detunes the cavity during both SAW half cycles.
The dotted line in Fig. 2~b! reproduces DR0 as calcu-
lated using the transfer matrix approach outlined in Ref. 7,
which relates the amplitudes of the light field at the frequen-
cies v1mvSAW and wave vectors k1mkSAW in each layer to
those in the neighboring layers. The results shown in Fig.
2~b! neglect modes with m>3. The calculations reproduce
reasonably well the spectral shape of DR0 , but underesti-
mate the modulation amplitude. The main reason for this
discordance is the fact that the calculations neglect the
modulation of the interface profiles by the SAW fields and do
not take into account the finite size of the illumination spot
(fd’7lSAW) in the experiments, which partially relaxes
wave vector conservation.
Focusing the light to a spot with dimensions smaller than
half of the SAW wavelength, as indicated in the inset of Fig.
3 allows us to access the time-dependent character of the
SAW modulation. The reflectivity ~circles in Fig. 3! is modu-
lated at the SAW frequency of 537 MHz with a ratio DR/Rdc
between the peak amplitude and the average value of 15%.
The wavelength dependence of DR/Rdc is displayed by the
circles in Fig. 4. As in Fig. 2, the modulation amplitude is
maximal at the flank wavelengths l1 f and l2 f and becomes
very small at the cavity resonance wavelength lc . The phase
of the oscillations ~squares! at the two sides of the resonance
is shifted by 180° with respect to each other, since the cavity
resonance approaches these wavelengths at opposite SAW
cycles.
If the resonator is illuminated under a small angle of
incidence u satisfying tan u5lc /(2lSAW cos f), the wave
vector conservation for Bragg diffraction is ensured with the
first-order diffraction beam ~indicated by k1 in the inset of
Fig. 5! propagating in the opposite direction as the incident
beam. The curve in Fig. 5 displays the intensity of the first
FIG. 3. Time-resolved reflectivity at the wavelength l1 f5986 nm, re-
corded under a SAW with Pl5150 W/m using a 503 objective O to focus
the light onto a fd52.6 mm ,lSAW/2 spot ~inset!.to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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nator with lc5919 nm and Q51300, which reaches ap-
proximately 40% of the intensity of the incident beam for a
SAW with Pl5420 W/m.
The configuration of Fig. 5 turns the resonator into a
versatile and compact Bragg cell, which can be operated as a
frequency shifter, a switch, as well as a modulator. The fre-
quency shifting action arises automatically from the fact that
diffracted beam is shifted in frequency by 1vSAW with re-
spect to the incident one. Switching with a high on/off con-
trast is accomplished by simply turning the IDT on and off:
the left inset of Fig. 5 shows optical micrographs of the
sample recorded under these two conditions. Finally, the op-
eration as a modulator is realized by modulating the rf volt-
age applied to the IDT with the information signal. Note that
modulation action is also accompanied by a frequency shift
vSAW , a feature which can be explored for wavelength mul-
tiplexing applications.
In conclusion, we have demonstrated that strong acoustic
and light fields in one-dimensional microscopic resonators
lead to Brillouin scattering intensities comparable to the ex-
citing one. The SAW-driven resonators based on this prin-
ciple can be employed as photonic switches, frequency
shifters, and modulators fabricated monolithically on GaAs.
Finally, the same principle can easily be extended to control
light flow in two- and three-dimensional PCs.
FIG. 4. Spectral dependence of the amplitude DR and phase of the ac
reflectivity at the SAW frequency measured in the configuration of Fig. 3.
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FIG. 5. Intensity of the first diffraction order (R1) for an angle of incidence
u’5° (f50). The right inset displays the measurement setup. k0 and k1
denote the wave vectors of the zero- and first-order diffracted beams ~not to
scale!. kSAW is the SAW wave vector. The left inset displays optical micro-
graphs of the sample recorded with the rf power switched off ~upper part!
and on ~lower part!, showing the R1 beam ~bright dot!. The light areas are
the metallic pads of the IDT. The arrow indicates the propagation direction
of the SAW beam.to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
